REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington  VA,  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  oenalty  for  failing  to  comply  with  a  collection  o1 
information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY) 


4.  TITLE  AND  SUBTITLE 

Aluminum  Plasmonic  Nanoantennas 


2.  REPORT  TYPE 

New  Reprint 


3.  DATES  COVERED  (From  -  To) 


5a.  CONTRACT  NUMBER 

W911NF-12-1-0407 


5b.  GRANT  NUMBER 


6.  AUTHORS 

Mark  W.  Knight,  Lifei  Liu,  Yumin  Wang,  Lisa  Brown,  Shaunak 
Mukherjee,  Nicholas  S.  King,  Henry  O.  Everitt,  Peter  Nordlander, 
Naomi  J.  Halas 


5c.  PROGRAM  ELEMENT  NUMBER 
611103 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 
William  Marsh  Rice  University 
Office  of  Sponsored  Research 
6100  Main  St,  MS-16 

Houston,  TX  77005  -1827 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND 
ADDRESS(ES) 

U.S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

61796-CH-MUR.lO 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 
Approved  for  public  release;  distribution  is  unlimited. 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contrued  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


14.  ABSTRACT 

The  use  of  aluminum  for  plasmonic  nanostructures  opens  up  new  possibilities,  such  as  access  to  short-wavelength 
regions  of  the  spectrum,  complementary  metal-oxide-semiconductor  (CMOS)  compatibility,  and  the  possibility  of 
low-cost,  sustainable,  mass-producible  plasmonic  materials.  Here  we  examine  the  properties  of  individual  A1 
nanorod  antennas  with  cathodoluminescence  (CL).  This  approach  allows  us  to  image  the  local  density  of  optical 
states  (LDOS)  of  A1  nanorod  antennas  with  a  spatial  resolution  less  than  20  nm  and  to  identify  the  radiative  modes 


15.  SUBJECT  TERMS 

Aluminium,  UV  plasmonics,  cathodoluminescence. 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

15.  NUMBER 

19a.  NAME  OF  RESPONSIBLE  PERSON 

a.  REPORT 

h.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

Naomi  Halas 

UU 

UU 

UU 

UU 

19b.  TELEPHONE  NUMBER 

713-348-5746 

Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39.18 


Aluminum  Plasmonic  Nanoantennas 


Report  Title 


ABSTRACT 

The  use  of  aluminum  for  plasmonic  nanostructures  opens  up  new  possibilities,  such  as  access  to  short-wavelength 
regions  of  the  spectrum,  complementary  metal-oxide-semiconductor  (CMOS)  compatibility,  and  the  possibility  of 
low-cost,  sustainable,  mass-producible  plasmonic  materials.  Here  we  examine  the  properties  of  individual  A1 
nanorod  antennas  with  cathodoluminescence  (CL).  This  approach  allows  us  to  image  the  local  density  of  optical 
states  (LDOS)  of  A1  nanorod  antennas  with  a  spatial  resolution  less  than  20  nm  and  to  identify  the  radiative  modes  of 
these  nanostructures  across  the  visible  and  into  the  UV  spectral  range.  The  results,  which  agree  well  with  finite 
difference  time  domain  (FDTD)  simulations,  lay  the  groundwork  for  precise  A1  plasmonic  nanostructure  design  for  a 
variety  of  applications. 


REPORT  DOCUMENTATION  PAGE  (SF298) 
(Continuation  Sheet) 


Continuation  for  Block  13 


ARC  Report  Number  61796.10-CH-MUR 
Aluminum  Plasmonic  Nanoantennas 


Block  13:  Supplementary  Note 

©2012  .  Published  in  Nano  Letters,  Vol.  Ed.  0  12,  (11)  (2012),  ( (11).  DoD  Components  reserve  a  royalty-free,  nonexclusive 
and  irrevocable  right  to  reproduce,  publish,  or  otherwise  use  the  work  for  Federal  purposes,  and  to  authroize  others  to  do  so 
(DODGARS  §32.36).  The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be 
construed  as  an  official  Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


Approved  for  public  release;  distribution  is  unlimited. 


Letter 


pubs.acs.org/NanoLett 


Aluminum  Plasmonk  Nanoantennas 

Mark  W.  Knight/’^'  Lifei  Yumin  Wang,^’''  Lisa  Brown, Shaunak  Mukherjee,^''' 

Nicholas  S.  King,^’''  Henry  O.  Everitt,"*"’*  Peter  Nordlander,^’^’''  and  Naomi  J.  Halas*’^'^’^''' 

^Department  of  Electrical  and  Computer  Engineering,  ^Department  of  Physics  and  Astronomy,  ^Department  of  Chemistry,  and 
'Laboratory  for  Nanophotonics,  Rice  University,  Houston,  Texas  77005,  United  States 

■'"Charles  Bowden  Research  Lab,  Army  Aviation  &  Missile  RD&E  Center,  Redstone  Arsenal,  Alabama  35898,  United  States 
**Department  of  Physics,  Duke  University,  Durham,  North  Carohna  27708,  United  States 


ABSTRACT:  The  use  of  aluminum  for  plasmonic  nanostruc¬ 
tures  opens  up  new  possibilities,  such  as  access  to  short- 
wavelength  regions  of  the  spectrum,  complementary  metal- 
oxide— semiconductor  (CMOS)  compatibility,  and  the  possi¬ 
bility  of  low-cost,  sustainable,  mass-producible  plasmonic 
materials.  Here  we  examine  the  properties  of  individual  A1 
nanorod  antennas  with  cathodoluminescence  (CL).  This 
approach  allows  us  to  image  the  local  density  of  optical  states 
(LDOS)  of  A1  nanorod  antennas  with  a  spatial  resolution  less 
than  20  nm  and  to  identify  the  radiative  modes  of  these  nanostructures  across  the  visible  and  into  the  UV  spectral  range.  The 
results,  which  agree  well  with  finite  difference  time  domain  (EDTD)  simulations,  lay  the  groundwork  for  precise  A1  plasmonic 
nanostructure  design  for  a  variety  of  applications. 
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Aluminum 


Plasmonics  is  currently  a  field  of  nanoscience  enjoying 
remarkably  rapid  growth,  due  to  interest  in  both  its 
scientific  underpinnings  as  well  as  its  highly  promising  potential 
for  real-world  applications.^  ^  By  far,  research  in  this  field  has 
utilized  the  coinage  metals — gold,  copper,  and  silver — yet 
many  potential  commercial  applications  would  be  optimally 
realized  by  inexpensive  plasmonic  materials  compatible  with 
either  high-tech  or  high-throughput  manufacturing  methods. 
Aluminum  is  the  third  most  abundant  element  in  the  earth’s 
crust,  behind  oxygen  and  sihcon.’*^  It  has  tremendous  potential 
as  a  plasmonic  material  that  could  potentially  serve  as  the  metal 
of  choice  for  either  complementary  metal— oxide— semiconduc¬ 
tor  (CMOS)-compatible  or  mass-producible  plasmonic  appli¬ 
cations.  Unlike  the  noble  metals,  the  d-band  of  A1  lies  above  its 
Eermi  energy,  allowing  for  plasmon  resonances  that  extend 
beyond  the  visible  region  of  the  spectrum  into  the  ultraviolet. 
The  surface  oxide  of  A1  self-terminates  at  a  thickness  of  2—3 
nm,  forming  a  durable  protective  layer  and  preserving  the 
metal.^  Aluminum  can  exhibit  strongly  enhanced  local  fields 
due  to  the  low  screening  of  A1  «  l)  relative  to  Au  (e^  »  9) 
and  Ag  (e^^  «  4),  and  to  its  higher  electron  density, 
contributing  3  electrons  per  atom  compared  to  1  electron  per 
atom  for  Au  and  Ag.  Locahzed  plasmon  resonances  in  A1  have 
been  demonstrated  in  several  geometries,  including  spheres,^  * 
triangles,^'^*'  discs,^’^^'^^  and  rods.^^'^^  Applications  where  A1 
plasmonic  nanostructures  would  be  optimal  include  CMOS- 
compatible,  on-chip  plasmonic  nanoantennas,  waveguides  and 
interconnects,  nonlinear  plasmonics,^’*  inexpensive,  disposable 
SERS  substrates,**’*^  enhanced  UV  fluorescence,*^  and  energy 
harvesting  structures.*^ 
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An  emerging  tool  for  the  study  of  plasmonic  nanostructures 
is  cathodoluminescence  (CL).  An  energetic  electron  beam 
incident  on  the  structure  excites  many  plasmon  modes:  photon 
emission  from  the  radiative  modes  of  the  structure  is  then 
detected.  The  high  degree  of  spatially  locahzed  excitation  due 
to  the  electron  beam  focus  enables  imaging  of  individual 
plasmon  modes  with  nanometer-scale  spatial  resolution.*® 
Although  CL  detects  only  the  radiative  modes,  it  does  so 
without  perturbing  the  local  dielectric  environment  like  probe- 
based  imaging  and  is  therefore  an  ideal  experimental  method 
for  studying  the  optical  properties  of  ultrasmall  structures.  CL 
images  of  the  plasmonic  emission  of  an  individual  nanostruc¬ 
ture  map  its  wavelength-dependent  local  density  of  optical 
states  (LDOS),  a  measure  of  the  electromagnetic  modes  into 
which  an  electric  (or  magnetic)  dipole  may  ernit.*®'^**  The 
ability  to  experimentally  visuahze  the  LDOS  at  the  single 
nanoparticle  or  nanostructure  level  is  leading  to  the  rapid 
adoption  of  this  method  as  a  powerful  characterization  tool 
within  the  field  of  nanoscale  plasmonics.^*  ^’* 

In  this  Letter  we  study  the  plasmonic  properties  of  individual 
A1  nanorod  antennas  using  CL.  We  present  spatially  resolved 
images  of  the  radiating  plasmon  modes  (LDOS)  of  A1  nanorods 
with  length-tunable  resonances  from  the  visible  to  the  UV 
region  of  the  spectrum.  The  high  degree  of  spatial  and  energetic 
resolution  obtained  permits  direct  comparison  between 
numerical  simulations  and  experiment,  a  crucial  first  step  in 
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the  development  of  accurate  design  tools  for  many  currently 
envisioned  A1  plasmonics  applications. 

The  aluminum  nanoantennas  used  in  this  study  were 
fabricated  by  planar  lithography  on  lightly  doped  (l  — 10 
ii-cm)  n-type  silicon  with  30  nm  of  thermal  oxide.  This  oxide 
thickness  was  chosen  to  isolate  the  plasmonic  response  of  the 
resonators  from  the  silicon  substrate  while  minimizing  the  CL 
background  due  to  the  luminescence  of  the  silica.^*  The 
nanostructures  were  patterned  with  electron  beam  lithography 
using  ~70  nm  thick  PMMA  resist  (poly(methyl  methacrylate), 
950  wt).  The  aluminum  was  then  deposited  either  by  thermal 
or  electron  beam  evaporation  of  pure  aluminum,  with  the  rate 
(1.5  A/s)  and  thickness  (30  nm)  determined  in  situ  with  a 
quartz  crystal  microbalance  (QCM).  Due  to  good  adhesion 
between  silica  and  aluminum,  no  additional  adhesion  layer  was 
required,  avoiding  the  plasmonic  damping  that  results  from  Ti 
or  Cr  adhesion  layers  normally  used  in  the  patterning  of 
coinage  metal  nanostructures.^^  Upon  removal  from  the 
deposition  chamber,  a  stable,  2—3  nm  surface  oxide  (AI2O3) 
formed  on  the  nanostructures,*  encapsulating  the  remaining 
aluminum  and  protecting  the  devices  against  environmental 
degradation.  Excess  material  was  removed  via  liftoff  in  NMP  (l- 
methyl-2-pyrrolidone)  heated  to  60  °C,  and  the  sample  was 
rinsed  with  isopropanol  and  dried  with  N2.  Scanning  electron 
microscopy  (SEM)  micrographs  of  the  fabricated  structures 
confirmed  that  the  in-plane  experimental  dimensions  agreed 
with  the  nominal  dimensions  to  within  measurement  error  (±2 
nm).  The  30  nm  nanorod  thickness,  estimated  during  A1 
deposition,  was  confirmed  by  high  angle  SEM  imaging. 

In  the  CL  experiments,  a  focused  electron  beam  (30  keV) 
incident  on  the  nanostructure  excites  the  plasmon  modes  of  the 
structure.  The  photons  emitted  from  radiative  decay  of  the 
plasmons  are  collected  by  a  0.89  N.A.  parabolic  mirror  and 
directed  into  a  filter/ detector  system  (Gatan,  MonoCL4  Elite) 
for  counting.  Raster-scanning  the  electron  beam  over  the 
structure  while  collecting  the  emitted  photons  as  a  function  of 
beam  position  enables  the  construction  of  excitability  images 
proportional  to  the  radiative  LDOS  of  the  structure.'®  All  CL 
maps  were  collected  using  an  electron  beam  step  size  of  1.5  nm, 
yielding  images  with  sufficient  spatial  oversampling  to  allow 
postacquisition  noise  reduction  using  a  Gaussian  low-pass  filter. 
To  ensure  a  sufficiently  high  photon  count  rate,  all  measure¬ 
ments  were  performed  with  a  ~2  nA  beam  current.  Sample 
contamination  during  the  scans  was  minimized  by  performing 
in  situ  N2  plasma  cleaning  of  the  sample  and  vacuum  chamber 
prior  to  measurement.  All  measurements  were  performed  at  a 
chamber  pressure  of  ~2  X  10~*  Torr.  Energy  selectivity  during 
imaging  was  achieved  by  using  a  combination  of  bandpass 
filters  and  an  integrated  Czerny— Turner  monochromator.  The 
filters  selected  photons  within  energy  bands  from  2.1  to  2.4  eV 
(550  ±  40  nm),  2.5  to  3.0  eV  (450  ±  40  nm),  and  2.9  to  3.3  eV 
(400  ±  50  nm),  with  the  highest  energy  measurements, 
spanning  3.3— 3.8  eV,  taken  using  the  monochromator  (150  g/ 
mm).  These  measurement  bandwidths  were  selected  as  a 
compromise  between  spectral  resolution  and  a  photon  count 
rate  sufficient  for  imaging  purposes. 

Modeling  of  the  structures  was  performed  using  the  finite 
difference  time  domain  method  (FDTD,  Lumerical).  The 
nanorod  dimensions  were  matched  to  the  nominal  dimensions 
specified  during  lithography,  with  a  5  nm  radius  of  curvature  on 
aU  exposed  edges.  To  account  for  substrate  effects,  the 
simulated  nanorods  were  positioned  on  top  of  an  infinite  silica 
slab.  Spectral  responses  were  calculated  using  normal  incidence 


plane  wave  excitation  and  tabulated  dielectric  functions  for  both 
aluminum  and  silica.^^  While  the  CL  maps,  strictly  speaking, 
should  be  evaluated  as  the  integrated  radiation  emitted  by 
locally  excited  plasmon  modes  (LDOS),^"'  this  would  be  a 
computationally  expensive  task.  Our  CL  maps  were  therefore 
instead  computed  using  a  single  plane  wave  incident  on  the 
nanorod  at  75°  off  normal,  which  allowed  excitation  of  both 
symmetric  and  antisymmetric  modes.  The  resulting  near-field 
map,  calculated  5  nm  above  the  nanorod  surface,  should  closely 
approximate  the  radiative  LDOS  due  to  the  close  relationship 
between  radiative  decay  probabilities  and  optical  scattering 
cross  sections. 

Images  of  the  LDOS  were  obtained  using  CL  for  both  the 
longitudinal  and  the  transverse  plasmon  modes  of  a  typical  A1 
nanorod  antenna  (Figure  l).  It  is  well-established  that 
plasmonic  nanorods  exhibit  nondegenerate  longitudinal  and 


Figure  1.  Mode-resolved  CL  images,  (a)  SEM  image  of  a  100  nm  X  40 
nm  aluminum  nanorod  and  energy-filtered  CL  images  at  the  (b) 
longitudinal  and  (c)  transverse  plasmon  emission  peaks.  Color  scales 
are  normalized,  (d)  Calculated  scattering  spectra  corresponding  to  the 
experimental  geometry  illustrating  the  longitudinal  (red)  and  trans¬ 
verse  (blue)  plasmonic  modes.  The  experimental  CL  transmission 
filters  used  for  photon  collection  for  the  transverse  (b)  and 
longitudinal  mode  (c)  are  indicated  in  (d)  as  the  red  and  blue  shaded 
regions,  respectively. 


transverse  plasmonic  resonances.^*'^®  In  Al,  the  nanorod 
plasmon  modes  extend  from  the  visible  into  the  UV  region 
of  the  spectrum.  For  a  100  nm  X  40  nm  Al  nanorod  (Figure 

la) ,  the  CL  image  reveals  a  longitudinal  dipolar  resonance 
when  emission  between  2.3  and  2.9  eV  is  collected  upon  raster¬ 
scanning  the  incident  electron  beam.  For  this  mode,  we  clearly 
observe  the  highest  LDOS  at  the  short  nanorod  ends  (Figure 

lb) .  The  transverse  plasmon  mode,  obtained  from  the  collected 
photon  emission  in  the  4.0— 5.0  eV  range,  shows  the  LDOS 
concentrated  along  the  longer  nanorod  edges  (Figure  Ic).  The 
photon  energy  collection  ranges  used  in  each  of  these  two 
images  encompass  both  dipolar  modes  calculated  for  the 
structure  (Figure  Id). 

From  the  experimentally  obtained  maps  of  the  Al  nanorod 
LDOS  we  can  determine  the  spatial  resolution  of  the  present 
CL  imaging.  For  the  transverse  mode,  which  exhibits  the 
highest  spatial  confinement,  we  find  a  spatial  fuU  width  at  half 
maximum  (fwhm)  of  20  nm  in  the  measured  CL  emission.  This 
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Figure  2.  Influence  of  aspect  ratio  on  the  CL  of  single  aluminum 
nanorods,  (a)  CL  excitability  images  for  the  energy  range  2.5— 3.0  eV 
along  with  the  associated  (b)  secondary  electron  images  of  the 
nanorods  acquired  in  parallel  with  CL.  (c)  Calculated  electromagnetic 
field  distributions  for  the  experimental  geometry.  All  scale  bars  are  100 
nm. 


is  not  a  direct  measure  of  the  resolution,  since  the  mode  itself 
has  an  associated  width,  but  the  fwhm  places  an  upper  limit  of 
20  nm  on  our  achievable  spatial  resolution.  The  actual 
resolution  is  likely  better  than  20  nm  and  is  determined 
primarily  by  the  spot  size  of  the  electron  beam  (<5  nm)  and  the 
spatial  extent  of  the  evanescent  field  of  the  energetic  incident 
electrons,  ~v/2ai,  where  v  is  the  electron  velocity  and  w  is  the 
frequency  of  the  emitted  photons.^^  For  the  spectral  window 
accessed  in  this  study  (2.3— 5.0  eV),  the  evanescent  field 
extends  from  ~7.5  nm  to  ~15  nm  beyond  the  electron  beam 
waist  and  is  therefore  the  primary  factor  determining  the  spatial 
resolution  of  our  CL  images. 

By  measuring  the  radiative  LDOS  for  several  A1  nanorod 
antennas  of  varying  aspect  ratios  in  a  fixed  spectral  window,  we 
may  directly  observe  the  geometric  dependence  of  their 
plasmon  modes  (Figure  2).  For  a  nearly  symmetric,  40  nm  X 
50  nm  nanoantenna,  the  longitudinal  and  transverse  modes  are 
essentially  degenerate,  giving  rise  to  a  ring-lfice  radiative  LDOS 
image  (Figure  2,  top  row)  in  the  photon  energy  detection 
window  between  2.5  and  3  eV.  Extending  the  nanorod  to  100 
nm  length  breaks  this  degeneracy  and  creates  a  strong 
longitudinal  dipole  mode  whose  radiation  dominates  over  the 
transverse  mode.  As  the  antenna  length  is  increased  further,  the 
longitudinal  dipolar  resonance  shifts  to  lower  photon  energies 
outside  the  photon  energy  detection  band.  As  the  rod  becomes 
longer,  aU  longitudinal  modes  redshiff.  For  the  longest  antenna 
structure,  a  longitudinal  quadrupolar  mode  has  shifted  into  the 
photon  energy  collection  window  (Figure  2,  bottom  row).  This 
strongly  radiating  linear  quadrupolar  mode,  which  would  be  a 
nonradiative  “dark”  mode  in  the  quasistatic  limit,  is  here  visible 
due  to  phase  retardation.  Retardation  effects  are  particularly 
strong  for  plasmonic  A1  structures  due  to  their  high  plasmon 
energies  compared  to  other  metals.  The  onset  of  phase 
retardation  and  strong  radiative  coupling  occurs  when  the 
spatial  extent  of  the  structure  is  larger  than  nominally  a  quarter 


Wavelength  (nm)  Wavelength  (nm) 


Figure  3.  Scattering  spectra  calculated  for  normal  incidence  excitation 
of  A1  nanorod  antennas  of  increasing  length  for  (a)  longitudinal  and 
(c)  transverse  polarization.  The  dimensions  of  the  structures  are  the 
nominal  dimensions  of  (b)  the  fabricated  A1  nanorod  antennas.  The 
scale  bar  is  100  nm. 


of  the  wavelength  of  the  plasmon  resonance.  The  lengths  of  the 
nanorod  structures  in  the  two  bottom  panels  of  Figure  2,  250 
and  300  nm,  are  larger  than  half  the  wavelength  of  their 
plasmon  resonances  (300—500  nm)  and  can  very  efficiently 
couple  to  free  space  radiation.  Clearly  one  would  anticipate 
additional  higher  order  radiative  modes  if  the  absolute  length  of 
the  nanoantenna  was  further  increased. 

The  agreement  between  the  experimentally  measured  CL 
maps  and  the  calculated  LDOS  is  excellent.  The  small 
differences  between  the  LDOS  amplitudes  at  the  rod  ends 
relative  to  the  center  may  be  the  result  of  the  AI2O3  capping 
layer  or  the  presence  of  grain  boundaries  in  the  A1 
nanostructures,  both  of  which  could  modify  the  resonance 
frequency  and  charge  distribution  of  the  nanostructure.  In  our 
simulations  a  pure  aluminum  structure  with  a  local  dielectric 
function  corresponding  to  bulk  A1  was  assumed; nonlocal 
effects  and  possible  deviations  from  bulk  dielectric  values  were 
not  included.  Another  contribution  to  the  shght  discrepancy 
could  be  due  to  our  simple  approximation  of  the  radiative 
LDOS  as  the  total  field  enhancement  5  nm  above  the  particle 
under  plane  wave  excitation.  In  CL,  the  incident  electron  beam 
can  be  viewed  as  a  line  current  density  source  which  can 
interact  only  with  the  vertical  field  component  of  the  plasmonic 
mode.^"*^ 
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Figure  4.  (a)  SEM  images  with  the  associated  CL  images  of  individual  aluminum  nanorod  antennas  obtained  for  antenna  lengths  varied  from  40  to 
150  nm  (horizontal  rows),  over  a  range  of  four  photon  energy  collection  windows:  2.1— 2.4  eV,  2.5— 3.0  eV,  2.9— 3.3  eV,  and  3.3— 3.8  eV  (vertical 
columns).  The  color  scale  of  the  images  is  normalized  for  each  photon  energy  collection  window,  (b)  Normalized  CL  emission  intensity  for  each 
wire  length  at  2.1— 2.4  eV  (I,  red),  2.5— 3.0  eV  (II,  green),  2.9— 3.3  eV  (III,  blue),  and  3.3— 3.8  eV  (IV,  black),  (c)  Calculated  scattering  amplitudes  for 
excitation  at  2.4  eV  (I,  red),  3.0  eV  (II,  green),  3.3  eV  (III,  blue),  and  3.8  eV  (IV,  black)  as  a  function  of  antenna  length.  The  relative  longitudinal  and 
transverse  contributions  are  indicated  by  dotted  and  solid  gray  lines,  respectively. 


Background  noise  in  the  experimental  CL  images  is  due  to  a 
combination  of  luminescence  from  the  substrate  and  transition 
radiation  (TR),  which  results  when  an  energetic  electron 
crosses  the  interface  between  two  disparate  dielectric 
media.^*’^*  The  substrate  luminescence  likely  originates  from 
point  defects  in  the  silica  layer.^*  However,  within  the  2.5— 3.0 
eV  photon  collection  range,  emission  from  radiative  plasmon 
modes  clearly  dominates  the  images,  allowing  us  to  easily 
resolve  the  plasmon  modes  against  a  relatively  weak  back¬ 
ground  signal. 

In  Figure  3,  we  show  the  calculated  scattering  spectra  for  a 
series  of  Al  nanorods  of  increasing  length  that  also  will  be  used 
in  CL  imaging.  As  the  nanorod  antenna  becomes  longer,  the 
longitudinal  dipole  resonance  shifts  to  lower  energies  and 
narrows,  and  higher  order  longitudinal  modes  begin  to  emerge 
(Figure  3a).  In  contrast,  the  transverse  resonance  is  only  very 
weakly  dependent  on  nanorod  length,  exhibiting  a  slight  blue 
shift  with  increasing  rod  length  (Figure  3c).  Both  longitudinal 
and  transverse  modes  exhibit  increased  scattering  with  rod 
length.  Since  our  calculations  were  performed  using  normal 
incidence  plane  wave  excitation,  these  spectra  show  only  the 
odd  numbered  “bright”  modes  (n  =  1,  n  =  3,  ...)  with  finite 
dipole  moments.  Also,  while  the  peak  width  decreases 
monotonicaUy  across  our  simulated  spectral  range  as  the  peak 
shifts  to  lower  energies,  there  should  be  a  subsequent  increase 
in  the  fwhm  near  1.5  eV  due  to  interband  transitions.^ 

In  Figure  4  we  use  energy-resolved  CL  imaging  to  visualize 
the  spatial  dependence  of  the  LDOS  across  four  different 
energy  windows  in  the  2—4  eV  photon  energy  range  for  the 
structures  shown  in  Figure  3.  For  the  smallest  nanorod 
antennas  with  degenerate  longitudinal  and  transverse  modes 
(40  nm  X  40  nm  nanorods)  we  observe  a  ring-shaped 
excitability  map  across  the  entire  spectral  range,  with  the 
greatest  emission  intensity  at  the  highest  photon  energies 
(Figure  4a).  For  longer  nanorod  antennas,  distinct  transverse 


and  longitudinal  resonances  are  again  observed.  For  a  given 
energy  window,  as  the  nanorod  length  is  increased,  the 
longitudinal  mode  first  strengthens  and  then  weakens,  as  the 
resonance  redshifts  across  the  collection  window.  For  the 
lowest  photon  energy  collection  window  (2.1— 2.4  eV,  first 
column),  only  dipolar  emission  from  the  longitudinal  mode  is 
observed.  For  the  three  higher  photon  energy  collection  ranges, 
a  significant  evolution  in  the  LDOS  image  is  observed, 
transitioning  from  longitudinal  to  transverse  radiators  as  the 
antenna  length  increases.  The  emission  intensity  for  each 
energy  range  is  maximized  by  a  nanorod  antenna  of  a  particular 
length. 

These  experimental  trends  can  be  compared  with  the 
simulations  presented  in  Figure  3  by  extracting  the  relative 
scattering  amplitude  from  each  nanorod  antenna  from  the 
normalized  LDOS  images.  In  this  analysis  (Figure  4b),  the 
background  emission  is  removed  from  the  measured  integrated 
emission  intensity.  For  each  antenna  length  and  photon  energy 
collection  window,  the  integrated  emission  intensity  was 
obtained  from  CL  images  of  four  individual  nanoantennas. 
The  error  bars  on  each  experimental  data  point  show  the 
standard  deviation  due  to  antenna-to-antenna  size  variation  for 
four  nominally  identical  nanorods. 

The  experimental  scattering  response  exhibits  a  distinct 
antenna  length  dependence  within  each  photon  energy 
collection  window  (Figure  4b).  For  the  lowest  photon  energy 
range  (Figure  4b,  I),  a  single  distinct  maximum  is  observed, 
corresponding  to  a  100  X  40  nm  nanorod  antenna  whose 
dipolar  plasmon  directly  overlaps  this  photon  energy  range. 
The  radiative  decay  from  the  nanorod  plasmons  tuned  to  either 
side  of  this  collection  window  cannot  be  captured  as  efficiently. 
The  asymmetry  of  the  emission  peak  results  from  the  weaker 
scattering  intensity  of  the  shorter  nanorods.  This  single, 
asymmetric  peak  is  reproduced  well  in  the  FDTD  calculations. 
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where  the  dipolar  scattering  cross  sections  as  a  function  of  rod 
length  are  plotted  (Figure  4c,  I). 

In  the  higher  photon  energy  collection  windows,  the 
emission  peak  shifts  toward  shorter  nanorods,  but  with  a 
relative  increase  in  the  emission  observed  for  longer  nanorod 
antennas  (Figure  4b— c,  II— IV).  The  shift  in  the  emission  peak 
from  100  to  60  nm  nanorod  length  is  attributable  to  the 
blueshift  of  the  nanorod  resonance  with  decreasing  length 
(seen  also  in  Figure  3b).  The  increased  emission  for  longer 
rods  is  due  both  to  the  increased  radiation  from  longer  rods 
and  to  a  change  in  the  relative  emission  amplitudes  of  the 
transverse  and  longitudinal  resonances  (Figure  4c).  When  the 
theoretical  emission  intensity  is  decomposed  into  its  relative 
longitudinal  and  transverse  contributions  (dotted  and  solid 
lines,  respectively),  we  see  that  the  transverse  contribution  is 
negligible  for  low  energy  resonances  (I).  At  higher  energies  the 
transverse  contribution  increases  (II,  III),  and  for  the  highest 
photon  energy  range  measured  (3.3— 3.8  eV),  the  transverse 
mode  emits  photons  as  efficiently  as  the  longitudinal  mode 
(IV).  The  agreement  between  the  measured  and  the  calculated 
emission  intensities  is  excellent  for  the  three  lowest  photon 
energy  windows.  For  the  highest  photon  collection  window 
(Figure  4b, c,  IV),  the  measured  emission  exhibits  a  clear  peak  at 
60  nm  corresponding  to  the  longitudinal  resonance  and  a 
second  rise  in  emission  for  longer  nanorods.  This  broad  peak, 
which  can  be  clearly  visualized  as  the  transverse  resonance 
(Figure  4a),  only  appears  in  the  calculated  response  as  a  rise  in 
intensity.  This  discrepancy  may  be  due  to  measurement  error, 
given  that  the  3.3— 3.8  eV  bandpass  yielded  the  lowest  photon 
count  rate.  It  is  also  possible  that  surface  effects,  such  as  the 
presence  of  the  thin  AI2O3  oxide  layer  or  grain  structure,  may 
play  a  role;  surface  effects  can  exert  significantly  more  influence 
on  the  electromagnetic  response  at  higher  energies. 

In  conclusion,  we  have  examined  the  plasmonic  properties  of 
A1  nanorod  antennas,  which  exhibit  highly  tunable  plasmonic 
resonances  from  the  deep  UV  through  the  visible  region  of  the 
spectrum.  The  radiative  nanoantenna  resonances,  which 
include  dipolar  and  quadrupolar  plasmon  modes,  were  imaged 
using  energy-resolved  CL,  with  a  spatial  resolution  of  nominally 
20  nm.  The  dependence  of  the  nanoantenna  radiative  modes 
on  antenna  length  and  photon  energy  was  found  to  agree  well 
with  FDTD-based  analysis  of  these  nanostructures.  Our  results 
suggest  that  aluminum  provides  a  practical  and  highly 
promising  material  system  for  the  design  and  implementation 
of  UV  and  visible  frequency  plasmonics,  broadening  the  range 
of  potential  applications  of  plasmonics  into  areas  where  CMOS 
compatibility  or  low-cost,  mass  producibility  are  desired. 
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